Energy and exergy analyses may be considered as important tools for design, analysis and optimization of thermal systems. This paper reports on energy and exergy analyses of thin-layer drying of sour pomegranate arils with microwave pretreatment. There were two microwave pretreatments (100 W for 20 min and 200 W for 10 min) along with a control treatment (convection drying with no microwave pretreatment). Experiments were carried out at three air temperatures (50, 60 and 70 C) and three air velocities (0.5, 1 and 1.5 m/s). Results showed that energy utilization and energy utilization ratio increased with time, while exergy efficiency decreased. Energy utilization and drying time decreased considerably with microwave pretreatment of pomegranate arils.
experiments were conducted at three temperature levels of 55, 60 and 70 C and air velocity of 1.5 m/s. The effective energy varied from 189.949 to 3732.961 kJ/s in the time period of 9600 to 18000 s (depending on drying air temperature). The required energy for drying potato slices, at temperature levels of 60, 70, and 80 C, relative humidity of 10 to 20% and air velocity of 1 and 1.5 m/s was calculated by Akpinar [8] . Their tests lasted 10 to 12 h and energy loss was obtained to be 0 to 1.796 kJ/s [8] . Midilli and Kucuk [9] studied energy and exergy for solar drying of pistachio. Having used peeled and fresh samples of pistachio, they concluded that the moisture structure and moisture content were significant factors in increasing energy consumption and decreasing losses [9] . Energy and exergy analysis for drying red pepper slices in a laboratory dryer indicated that energy utilization and energy utilization ratio increased with temperature, while they decreased with time. Also, exergy loss increased with temperature whereas exergy efficiency did not show any specific trend [3] . Akpinar [10] applied the first and second law of thermodynamics for drying pumpkin in a rotary dryer with two trays. The results proved that energy consumption was much higher in the primary tray compared to the secondary one.
Energy and exergy for drying timber in a heat pump has also been studied. Experiments carried out at a single temperature and hot air velocity indicated that energy utilization and energy utilization ratio decreased with time, while exergy efficiency increased [11] .
Corzo [4] studied energy and exergy for thin--layer drying of coroba slices in convection dryer. They conducted the experiments at three temperature levels of 71, 82 and 93 C and three air velocity levels of 0.82, 1 and 1.18 m/s. The results demonstrated that air temperature and velocity increase (at two levels of 82 and 93 C) significantly raised energy utilization; while changing air velocity at the temperature of 71 C had no significant effect on energy utilization.
Although a considerable amount of data has been reported in the literature regarding the energy consumption of drying various agricultural like cherry fruits [12] carrot slices [13] , vegetable [14] , kaolin [15] , mulberry [16] , garlic cloves [17] , longan [18] , pomegranate arils [19] , nettle leaves [20] , berberis fruit [21] , azarole [22] , carrot slices [23] , mulberry [24] , porous media [25] okra [26] and yeast cells [27] , little information is available on the effect of microwave pretreatment on energy and exergy utilization in drying of various agriculture products. The main objective of this research is comparison of microwave pretreatment and control treatment effects on energy and exergy utilization in the drying of pomegranate arils.
MATERIALS AND METHODS
Fresh samples of sour pomegranate were collected from Jooybar in Mazandaran province of Iran. Samples were stored at 5 C in the refrigerator. Initial moisture content of pomegranate arils was found to be 73.1% (w.b.) using oven drying [28] . The experiments were carried out at three air temperature levels of 50, 60 and 70 C and three levels of air velocity, namely 0.5, 1 and 1.5 m/s. Three treatments (hot air only) including control treatment, microwave pretreatment of 100 W power for 20 min, and microwave pretreatment of 200 W power for 10 min were also considered. The ambient air humidity was 0.037±0.004 kg/kg dry air.
Air parameters were adjusted by measuring temperature and velocity using a thermometer (Lutron, TM-925, Taiwan) and anemometer (Anemometer, Lutron-YK, 80AM, Taiwan). A pressure gauge (PVR 0606A81, Italy) was used to measure the air pressure and a moisture meter (Testo 650, 05366501, Germany) was applied to measure the air relative humidity (input and output). Moreover, the microwave pretreatment of pomegranate arils was implemented using a microwave oven (Samsung, 75DK300036V, model M945, Korea). The experimental set up is illustrated in Figure 1 . Heater energy utilization can be calculated using the conservation energy law of thermodynamics [4] :
Inlet and outlet air flow
All of the inlet air passes through the dryer section, thus the outlet air flow is equal to inlet flow due to mass conservation law:
Inlet and outlet air enthalpy
Values of the inlet and outlet air enthalpy are equal to the sum of dry air enthalpy and water vapor enthalpy. Eq. (3) is frequently used by researchers to determine air enthalpy [3] [4] :
Calculation of air specific heat Air specific heat is calculated from Eq. (4). The constant 1.004 is the specific heat of dry air [2] :
Converting the relative humidity to moisture ratio
Relative humidity was converted to moisture ratio using Eq. 
Calculation of energy utilization ratio
The ratio of energy utilization to the provided energy in the dryer chamber is defined as energy utilization ratio, and is calculated using Eq. (6) [4] :
Exergy analysis
The sum of inlet and outlet air exergy for fresh and dried product is calculated using the second law of thermodynamics. The basic method for exergy analysis of dryer chamber is calculation at the stable conditions. For this purpose, Eq. (7) was used [3] [4] :
Exergy loss is determined by Eq. (8):
The exergy efficiency can be calculated using Eq. (9) [2] :
Ex eff is 100% when no more moisture is extracted, and decreases as drying begins.
RESULTS AND DISCUSSION
Energy analysis Figure 2 presents the variations of moisture ratio as a function of drying time at temperatures of 50, 60 and 70 °C. It was noticed from these figures that temperature and velocity of drying air affected on drying rates pomegranate samples. Figure 3 demonstrates energy utilization trend during the drying of pomegranate arils in the control treatment. As shown in this figure, energy utilization decreases with time, its maximum value occurring at the inception of drying process. The reason is that moisture transfer by air was higher in the beginning of drying than at latter stages. These observations for energy utilization resembles those made for convection drying of apple slices [3] , silicon drying of potato and pumpkin slices [7] [8] , energy and exergy analyses of thin-layer drying of coroba slices [4] and carrot cubes [13] .
Increasing temperature and inlet air flow raised the energy utilization and inlet air enthalpy. Enthalpy increase, in turn, increased mass and heat transfer which translates into higher energy utilization. The maximum value of energy utilization in the drying of control samples obtained was 0.269 kJ/s at air temperature of 70 C and velocity of 1.5 m/s. Furthermore, the minimum value obtained was 0.102 kJ/s at a temperature of 50 C and velocity of 0.5 m/s. Figure 4 illustrates energy utilization during the drying of pomegranate arils using the 100 W microwave pretreatment. As shown, energy utilization decreased in comparison with control treatment. This is because a considerable amount of moisture would be removed as free water drying pretreatment. Meanwhile, energy utilization increased with temperature and air velocity, which is similar to the trend occurring in the control treatment. The maximum value of energy utilization was found to be 0.269 kJ/s using the 100 W microwave pretreatment at temperature of 70 °C and air velocity of 1.5 m/s. Conversely, the minimum value was found to be 0.051 kJ/s at the temperature of 50 °C and air velocity of 0.5 m/s. pretreatment, since much moisture was removed at the microwave medium. Moreover, increase in air temperature and air velocity leads to higher energy utilization. The amount of energy consumption for drying of pomegranate arils is obtained from Eq. (1). The difference between inlet and outlet air enthalpy determines the energy consumption for drying of arils.
Since the initial temperature of product by using the 200 W pretreatment was higher than the other pretreatments, therefore, considering the higher initial temperature of the samples, the inlet and outlet enthalpy were lower than for the other two treatments and consequently the energy consumption was reduced. The maximum energy utilization was calculated to be 0.161 kJ/s at 70 C and air velocity of 1.5 m/s. The temperature of 50 C and air velocity of 0.5 m/s yielded the minimum value of energy utilization, which was 0.048 kJ/s. Comparing the energy levels of the 3 treatments proved that energy utilization and drying time decreased significantly using 10-min microwave pretreatment with 200 W. Energy utilization depends on air velocity, latent heat of water vapor, specific heat of air and outlet air temperature. Values of these factors, excluding outlet air temperature, are close to each other for the three treatments. However, since the warming action in the 200 W microwave treatment is more pronounced compared to the 100 W treatment, higher sample temperature at the onset of convection drying is expected. Subsequently, outlet temperature of the dryer would be higher and of course closer to the inlet temperature. As a result, energy utilization would be low.
Energy utilization ratio
Energy utilization ratio (EUR) against drying time at constant temperature for various air velocities is presented in Figure 6 . It is seen that EUR decreased with time. Based on Eq. (7), the decrease in energy utilization ratio is reasonable, since energy utilization decreases with time. The maximum value of energy utilization ratio was obtained to be 0.004 for drying at temperature of 50 C and air velocity of 1.5 m/s. The minimum value of 0.001 was obtained at 70 C with air velocity of 0.5 m/s. These results resemble those reported by Akpinar [6] for drying pumpkin slices in silicon dryer and Nazghelichi [13] for drying carrot cubes. Figure 7 shows the trend of energy utilization ratio using the 100 W microwave pretreatment. The decreasing trend of energy utilization ratio is observed. At the control treatment, energy utilization ratio decreases more dramatically. This is because energy utilization is lower with the 100 W microwave pretreatment. The temperature of 50 C and air velocity of 1.5 m/s resulted in the maximum value of 0.005 for energy utilization ratio. The minimum value of 0.001 was obtained for EUR using 70 C and air velocity of 0.5 m/s. Figure 8 illustrates variation of energy utilization ratio against drying time using 200 W microwave pretreatment. Since energy utilization is lower compared to the 100 W pretreatment (Figure 7) , EUR is lower as well. The maximum value of energy utilization ratio using the 200 W microwave pretreatment was obtained to be 0.002835 at the temperature of 50 C and air velocity of 1.5 m/s, while the minimum value was 0.000662 obtained at 70 C and 0.5 m/s combination. These results are quite similar to the energy utilization values obtained in the control treatment.
Comparing the energy utilization ratios for the three experimental treatments indicates that energy utilization ratio was maximum in the control treatment and minimum in the 200 W microwave treatment. This is because energy utilization ratio is calculated by dividing the utilized energy to the energy provided for drying. The denominator of EUR is constant for all the treatments while the energy utilization varies. As mentioned, energy utilization would have its minimum value using the 200 W microwave pretreatment. Accordingly, energy utilization ratio would also be minimum at this treatment. Table 1 depicts the outlet exergy of pomegranate arils in the control, for 100 and 200 W microwave treatment. The table shows that a negligible part of the provided energy in the dryer is wasted, thus energy is available at the outlet. This indicates that exergy loss is high at large values of air temperature and velocity. The maximum exergy loss for drying of control samples was 0.157 kJ/s observed at the temperature of 70 C and air velocity of 1.5 m/s while the minimum value was found to be 0.044 kJ/s at 50 C and 0.5 m/s. These observations were similar to the results obtained for drying red pepper [3] , cyclone--type drying of potato slices [8] , drying pumpkin slices [10] , solar drying of pistachio [9] and carrot cubes [13] . Moreover, the exergy loss in the control treatment is higher than the exergy loss using the 100 W microwave treatment. Maximum exergy loss was found to be 0.109 kJ/s at the temperature of 70 C and air velocity of 1.5 m/s using the 100 W microwave treatment and the minimum value was calculated to be 0.034 kJ/s at 50 C and 0.5 m/s. Exergy loss in 200 W treatment is lower than those in the control or 100 W treatments. Its maximum value was obtained to be 0.103 kJ/s at 70 C and air velocity of 1.5 m/s. Here, the minimum value of 0.023 kJ/s was obtained using of 50 C and air velocity of 0.5 m/s. These results are similar to the exergy loss for control treatment.
Exergy
Comparison of exergy loss values in the three treatments shows that its maximum and minimum values are obtained using the control and the 200 W Figure 7 . Effect of air temperature and velocity on energy utilization ratio (100 W pretreatment). microwave treatments, respectively. Exergy loss is basically calculated by subtracting outlet exergy from inlet exergy. Moreover, exergy loss is a function of inlet and outlet air flow and medium temperature. At three treatments, all the parameters except the outlet air temperature are close to each other (as stated for calculation of energy utilization). Outlet temperature increased in the 200 W microwave treatment, resulting in a small difference between outlet and inlet exergy value. Therefore, exergy loss would be low using the 200 W microwave pretreatment. Table 1 refers to outlet exergy as the main factor of low thermodynamic efficiency of dryers. They also indicate that a major part of provided exergy is wasted as outlet air exergy. Another reason of low exergy efficiency is heat losses from the dryer body. The maximum exergy efficiency for control treatment was calculated to be 0.776 at the temperature of 70 C and air velocity of 1.5 m/s. The minimum value resulted using air temperature and velocity of 50 C and 0.5 m/s, respectively. These observations were similar to those obtained in carrot cubes drying [13] , red pepper drying [3] , cyclone type drying of potato slices [8] , pumpkin slice drying [10] , solar drying of pistachio [9] and energy and exergy analysis using of timber drying with assisted heat pump [11] . Exergy efficiency was lower for the control treatment compared to the 100 W microwave treatment. The reason is the higher initial temperature of samples placed in the dryer due to microwave pretreatment, resulting in increased outlet temperature. The maximum exergy efficiency for 100 W microwave treatment was 0.847 at the temperature of 70 C and air velocity of 1.5 m/s. The minimum value of 0.625 was obtained using air temperature of 50 C and air velocity of 0.5 m/s. Effect of inlet air flow at constant temperature on exergy efficiency during thin-layer drying of 200 W microwave pretreated samples is shown in Table 1 2. Energy utilization ratio showed a decreasing trend with time all the treatments. Control samples used the maximum energy while 200 W microwave pretreated samples needed the minimum energy.
Exergy efficiency
3. Exergy loss increased with time, i.e. all the input energy was removed from the system. The maximum and minimum exergy losses were observed for the control and 200 W microwave treatments, respectively.
4. Exergy efficiency increased with time, i.e. all the input energy was removed from the system at the end of drying the process. The maximum and minimum exergy loss efficiency values were obtained using the control and the 200 W microwave treatments, respectively. Results of energy and exergy analyses indicate that the system was not thermodynamically very efficient for control treatment. This can be regarded as a drawback for such convection thin layer dryers. However, using microwave pretreatment improved the thermodynamic efficiency of the process (for both 100 and 200 W treatments compared to the control). Ključne reči: energija i eksergija, mikrotalasni predtretman, sušenje u tankom sloju, nar.
